[ Y

S Ve »

o b

NACA RM E52B14

SECURIT Y. INFORMATION C»

RESTRICTED o

BM ES2RI4

'RESEARCH MEMORANDUM

1 CANCELLED

.
Authesiy A4 ca P F 279 ..

fi

~
(W

CLASGIF

. Late L2 J121y

_.-See -_-___,__.._5’ ,

| mm.#/;/ﬁ.-------

e a e —————
e o o P e 4 A O 0 R R A e o o o e A

Brauthociin ot Ly, (o

CLASSIFIED DOCUMERT

RELATIONS _BETWEEN FUEL PROPERTIES AND
COMBUSTION CARBON DEPOSITION

By Edmund R. Jonash, Jerrold D. Wear
and Robert R. Hibbard

Lewis Flight Propulsion Laboratory
Cleveland, Ohio

—— e ————————

%-r#wt ~7 Lf; 7;‘:*)

This material contains informatio: mmhmmﬁmmmo{mummmﬂmmm;
the

afthoaspbmgahws '1‘1!.\-18 T.8.C., Becs. 7938 mrd

personis h -mbth

NATIONAL ADVISORY

FOR AERONAUTICS &2~ A~ M2,

WASHINGTON
April 14, 1952

of which in any

- UNCLASSIFIED

COMMITTEE

" oy i, Ve

Y

Ty

KA




-1V

2ave

UNCLASSIFIED

O e T i
NACA RM E52B14 S Npw - == w0 ITEEN B VN S

NATTONAL ADVISORY CCMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

RELATIONS BETWEEN FUEL PROPERTIES AND COMBUSTION
CARBON DEPOSITION

By Edmund R. Jonash, Jerrold D. Wear,
end Robert R. Hibbard

SUMMARY

Methods for predicting the carbon-forming propensity of turbojet-
engine fuels from results of simple leboratory tests of the fuels are
discussed. The accuracy and reliability of the methods, and the sim-
plicity of the lsboratory tests required, are considered with.a view
toward the application of such methods for the control of Jet fuel
quality. The prediction of carbon deposition from fuel characteristics
including aramatic content, hydrogen-carbon ratio, distillistion tem-
peratures, gravity, and aniline point, and from several empirical labo-
ratory carbon-deposition tests is illustrated with datse from several
turbojet-cambustor test units and a large number of widely different
fuels.

Of the methods consldered, the prediction of carbon deposition
from a function of hydrogen-carbon ratlo end volumetric average boliling
temperature (NACA X factor) was one of the most accurate. Results of
tests of a large number of fuels in a J33 tubular combustor indicated
an gverage deviastion of the carbon-deposition data from the predicted
correlstion of 16 percent, which was compareble to the deviatlion of 10
to 20 percent expected with data for any one fuel., Since conventional
methods for determining the hydrogen-carbon ratic of a fuel may be more
camplex then would be desirsble for routine fuel quality control, empir-
ical correlation methods for estimating this factor were compared. The
prediction of carbon depositlion from such estimsted values of hydrogen-
carbon ratic are subject to greater inaccuracies than are encountered
in the prediction from determined values of hydrogen-carbon ratio.

Precision comparseble to the NACA X factor method was obtalned in
the prediction of carbon deposition from smoking tendency of the fuel
by a leboratory lamp. This method, although requiring one of the least
complex test techniques, was considered to require additional date to
estagblish the reproducibility of the test method among lsboratories.

UNCLASSIFIED
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Based on limited data, previously obtained on full-scale turbojet
engines, the numerical limits of the fuel gquallty control methods were
established at an NACA X ~factor of 310 or & smoking tendency of 13.

INTRODUCTION

A critical problem encountered in the operation of turbojet engines
with current, wilde-boiling-renge hydrocarbon fuels is combustion-chamber
carbon. deposition. The formation of carbon on fuel injectors causes
alterations in fuel-spray pattern with possible effects on combustor
performance; similar effects on performance can result from the deposi-
tion of carbon on primary alr-entry ports. Altitude starting may be
impaired by the deposition of carbon on spark plug electrodes, which
either shorts the electrodes completely or causes the spark to occur at
positions other than the intended gap (reference 1). Finally, the
deposition of carbon on high-tempersture. areas of combugtor liners pro-
motes liner cracking and warping from excessgive temperature gradients
and variations in thermal expanslon rates.

For combustor operation at any required conditions, carbon deposition
is dependent upon two factors: combustor design (including fuel inJjec-
tion end ignition) and choice of fuel. While carbon deposition may be
reduced conslderably in future combustor designs, the combustor modifi-
cations necessary in current designs may result in a deteriorastion of
other performance characteristics. With respect to the fuel propefties,
however, changes which alleviate the carbon-deposition problem also
promote, in general, increased over-all performence. Therefore, if
linits In fuel characteristics can be selected which will adequately
control carbon deposition without an excessive compromise in fuel aveil-
abllity, the inclusion of such limits in turbojet-engine-fuel specifica-~
tione would be desireble. '

A substantisl quantity of data has been obtalned at the WACA Lewls
laboratory, and at a number of other laboratories, describing the
effects of verious fuel properties on carbon deposition in small-scale
and full-scale single-tube combustors and in full-scale engines. Sev-
eral correlations developed from these investigations, together with a
number of relatively simple laboratory test procedures, have been sug-
gested as possible methods for estimating the carbon-deposition pro-
pensity of fuels. The purposes of the dlscusslon presented herein are
(1) to describe and compare the prediction of carbon deposition by means
of these fuel-property correlations and empirical laboratory tests, and
(2) to consider their use in fuel procureﬁent specifications for the
control of turbojet-engine carbon deposition.

The fuel characteristics which are considered as representing chemi-
cal and physical propertles of the fuel include the hydrogen-carbon

ratio; aromatic content, aniline polnt, A.S.T.M. distillation temperatures,
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" and gravity. The empirical laboratory tests representing fuel combus-

tion properties include smoking tendency (reference 2), flame plate
(reference 3), and "pot" burmer (unpublished). No detailed considera-
tion is glven small-scale combustor tests, since such tests would not
represent simple routine laboratory control methods. In order to com-
pare the applicability of the suggested carbon-deposition control
methods to broader ranges of combustor types, combustor operating condi-
tions, and fuel properties, carbon-deposition data obtained at a number
of leboratories, in addition to the NACA Iewils laboratory, are included.

Comparisons of the relative merit of these control methods will
include considerstlon of not only the accuracy of carbon-deposition pre-
diction, but also the complexity of the required leboratory test. A
description of the equipment, personnel, and time requirements for the
various laboratory tests required is presented hereiln.

FUELS, APPARATUS, AND PROCEDURE

Fuels. - The chemical and physical properties of the fuels investi-
gated at the NACA laboratory are presented in table I. Pertinent prop-
ertles of the mejority of fuels investigated at other laboratories are
presented in table ITI. In order to avoid errors in carbon-deposition
date arising from lesd deposition, leaded fuels are not in%luded herein,

Apparatus. - Carbon-deposition data were obtained at the NACA labo-

ratory in a single-tube J33 and & 1og—inch-diameter annular conmbustor.

These test units were installed in the laboratory supply and exhaust
facilities as shown schemstically in figure 1. Complete descriptions
of NACA test apparatus and instrumentation are presented in reference 4
(333 combustor) and reference 5 (amnmmular combustor), end of those used
by other laboratories in references noted in table II.

A description of laboratory fuel test methods considered is pre-
sented in appendix A. .

Procedure. - The J33 and annulaer combustor investigations (NACA)
were conducted at the following combustor test conditions:

Combustor
Condition

J33 Anmmular
Inlet-air pressure, in. Hg absolute 53.9 40.0
Inlet-eir temperature, °F 271 100
Air flow rate, 1lb/sec 2.87 2.50
Fuel-air ratio .0120-,0123 L0175
Test duration, hr 4 2
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The quantlty of cerbon deposited was determined by welghing the com- -
bustor immer liner before and sfter each test run. The liner was cleaned -
prior to each run with mechenical rotating wire brushes., The test con-
ditions and procedureg used 1n the investigations of other laboratories
are presented in .the references noted in table II.

RESULTS ANRD DISCUSSION

eave

In the following discussion, primary consideration will be given to
carbon-deposition control methods which involve direct measurements of
the physical and chemlcel characteristics of the fuel, since these
characteristics should fundementally determine the carbon-forming pro-
pensity of the fuel, Because of the simplicity of the laboratory tech-
niques involved, consideration will next be given to those control
methods which involve only indirect measures of the physical and chem-
lcel characteristics. Finelly, the several empirical lsboratory tests
which simulate, to & certaln extent, actual combustor carbon-forming
conditions will be considered. A detailed dlscussion of the reproduc-
ibility-and the laboratory equipment and persomnel requirements for the
various fuel quality control tests is presented in appendix A.

Fuel Composition and Volatility -

Arometic content and A.S,T.M, distillation tempersture. - Results
of many early combustor investigations indicated, qualitatively, that an
arometic-type fuel produces larger quentities of carbon than do other
types of fuel., In addition, it was observed that & reduction in fuel
volatility increases carbon deposition. These two fuel propertles were
combined (reference 6) to correlate carbon deposition with the function
percent arometics plus 0.10 times the 80-percent A.S.T.M. distillation
temperature. Although satisfactory correlations were obtained by one
laboratory (reference 6), the same function applied toc data obtained in
the two combustor test units at the NACA laboratory resulted in a rela-
tively poor correlation (fig. 2). A substitution of the 90-percent A.S.T.M.
distillation temperature for the 80-percent temperature, according
greater welght to the even less volatile fuel fractions, may in some
ceses lmprove this correlation.

From very limited data, correlations of carbon deposition with func-
tions of the high-bolling (greater than 400° F) ercmetic content and
with functions of the naphthalene content have been suggested. A seri-
ous obJjection to any of these correlations as possible control methods
1is the difficulty and lnaccuracy of the direct determination of fuel
composition (appendix A).

Hydrogen~carbon ratio and volumetric average boiling temperature. - -
Since 1t appesrs from the results cited previously that increased
aromatic content and dscreased volatility of the hydrocarbon fuel will

Y
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increase carbon deposition, & correlation including a direct measure of
these fuel cheracteristics was developed. Thus a function of the
hydrogen-carbon ratio and the volumetric average boillng temperaturse,
the K factor (appendix A), was used to predict the carbon-deposition
characteristics of 19 fuels in the snnular combustor (reference 5) and
was later applled to limited single-tube-combustor data (references 4
end 7). The K factor correlations obtained are presented in figure 3.
The correlstion shown in figure 3(a) includes data of references 4 and 7
and edditional data obtained over s considereble period of time in two
similar J33 combustor test setups operated at similar conditioms.
Flgure S(b) presents, for comparison purposes, the correlation of data
from reference 5( (annular combustor). The application of this correla-
tion to data obtained from several other lasboratories (data which
include hydrogen-carbon-ratio analyses of the fuels) is shown in fig-
ure 4. Dete obtained in J31 combustors are presented in figures 4(a)
to 4(d); in gemneral, only merginal correlations were cobtained. The J42
combustor data (fig. 4(e)) indicate very poor correlation, snd the
limited J33 combustor data (fig. 4(f)), good corrsletion. In these
correlations, also, a difficulty is encountered in the determination of
one fuel fector, the hydrogen-carbon ratio. The various methods which
maey be used to obtain this factor are discussed in appendix A.

Related Fuel Properties

APT grevity and volumetric average boilling temperature. - Since for
most hydrocerbon fuels & relation exlsts between the hydrogen-carbon
ratio and & function of the bolling temperatures and gravity (refer-
ence 8), it would be expected that the hydrogen-carbon ratio may be elimi-
nated from the carbon-deposition correlation. The resulting correlstion
involving only gravity and the volumetric average bolling temperature is
shown in figure 5 for data obtained at the NACA laboratory. The deriva-
tion of this correlaetion is described in appendix A. The small increase
in data scatter over that observed in figure 3 reflects the additionsal
error introduced in the estimation of hydrogen-carbon ratios of the
fuels.

APT gravity. - The gravity of typical mixed hydrocerbon fuels will
indirectly reflect both composition and volatility cheracteristics. For
this reason, carbon deposition would be expécted to correlate with
gravity. Thils correlaetion for NACA J33 combustor data i1s shown in
figure 6(a). Because of the gimpliclty of the laboratory technigue
required for this control method, 1ts applicatlon to date obtained by
other leboratories and other combustors is presented in figure 6(b)
to 6(1). It is noted that reasonable correlations resulted for data
obtained in the J33 tubular combustors (figs. 6(a) to 6(e)) and in the
annular combustor (fig. 6(h)); poor correlations resulted for data
obtained in the J31 combustors (figs. 6(f), 6(g), and 6(1)).
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API gravity, eniline point, and volumetric average bolling tempera-

ture. ~ An empiricel correlation of the grevity, aniline point, and
volumetric average bolling temperature with the hydrogen—carbon ratio is
presented in reference 9. The accuracy of hydrogen-carbon ratio esti-
mates by this method is discussed in appendix A. The correlation of
carbon deposition wlth hydrogen-carbon ratio and volumetric average
boiling temperature (fig 3), using hydrogen-carbon ratios estimated by
the method of reference 9, is shown 1n figure 7 (NACA J33 combustor data
only). The deviations from the correlation line ere greater thaen those
observed in the originsl correlation (fig. 3), again indicating the
additional error introduced in the estimation of hydrogen-carbon ratio
by this method.

Aniline-gravity constant. - The relations between fuel volatility
and gravity, and between hydrogen-cearbon ratio and aniline point, sug-
gest the possiblility of correlating carxrbon deposition with amiline-
gravity constant (appendix A). This correlation for data obtained at
the NACA and other laboratories is presented in flgure 8. Agaln, rea-
sonable correlatlions were indiceted with data obtained in the J33 tubu-
lar combustors (figs. 8(a) to 8(c)) and poor correlations were obtained
with date obtained in the J31 combustors (figs. 8(d) and 8(e)).

Empirical Laboratory Tests

Smoking tendency. - The correlation of the smcoking tendency of
fuels with carbon deposition is presented in figure 9 for data obtained
at the NACA and other laboratories. The smoking tendency of a fuel is
represented by 320/h, where h is equel to the maximm height of a
smoke-free flame (eppendix A). The correlations obtained with J33 com-
bustor data (figs. 9(a) and 9(b)) were significantly better than those
obtained with J31 date (fig. 9(c)) end with ennular combustor date
(f1g. 9(d)). Some improvement in the ammular combustor correlation was
obtained by including a function of the volumetric average bolling tem~
perature (reference 2), as shown in figure 10(a). Application of thils
combined factor to the J33 data of figure 9(a), however, somewhat
reduced the degree of correlastion, as indicated in figure 10(b). These
results would imply that the emplrical function of smoking tendency and
volumetric average boillng temperature may not be generally applicable
to different combustors or combustor operating conditions.

Pot burner. -~ Very limited data have been cbtained on a pot-type
burner suggested as a possible carbon-~deposition fuel control test.
For four fuels distributed to various lsboratorles by the Coordinating
Research Council (CRC), the resulte of the one laboratory conducting
pot-burner tests (unpublished data from the Texas Company) indicate
marginal agreement with NACA J33 carbon-deposition data, as shown in
figure 11. ' e
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Flame plate. - Limited date are avallgble for this suggested carbon-
deposition rating test. A comperison of flame-plate datea (unpublished
data from the California Research Corporation) and NACA J33 combustor
data for the same CRC fuels noted previously indicates relatively poor
agreement (fig. 12(a)). A comparison of flame-plate data with carbon-
deposition dete from another full-scale tubular combustor (reference 10
and unpublished data from California Research Corporation) shown in
figure 12(b) indicates a fair agreement of data.

Small-scale burners. - No detailed considerastion willl be gilven to
the use of small-scale (2-in, dlameter) burners as a fuel quality con-
trol technique. Carbon-depositlion data obtalned in these units have, in
most cases, compared favorebly with date (unpublished) obtained in
single-tube, full-scale combustors.

Comparison of Methods of Predicting Carbon-Deposition

Characteristics of Fuels

Before the relatlive merits of the fuel quality control methods are
compared, the accuracy of carbon-deposition dste used in deriving the
methods should be examined. Results of & recent coopsretive cerbon-
deposition prograsm sponsored by the CRC allow &n estimete to be made of
the expected reproduclibllity of carbon-deposition date. For each of a
large number of laboratory test units, in which more than ons test run
was conducted on each fuel, the following average and maximum deviations
of the date were determined:

Laboratory test unit Average devliastion Maximum deviatlon
(percent) (percent)
A (small-scale combustor) 26 103
B (small-scale combustor) 54 200
C (small-scale combustor) 15 44
D (small-scale combustor) 28 150
E (small-scale combustor) 39 134
F (small-scale combustor) 15 48
G (small-scale combustor) 13 39
H (smell-scale combustor) , 15 29
I (full-scale combustor) 8 35
J (full-scale combustor) 23 62
K (pot burmer) 12 27
L (flems plate) 42 83
NACA (full-scale combustor) 4 14
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It is apparent that averasge deviaetions in carbon-deposition data
from 10 to 20 percent can be normally expected; individual deviations
as high as 100 to 200 percent may occur. Thus, any carbon-deposition
correlation technigue must be established from test data which include
duplicate test runs on each fuel. Similarly, correlastions applied to
data representing few, if any, duplicate runs may exhibit large Inherent
deviations.

The comparison of the relatlve merits of the varlious fuel quality
control methods will include consideration of the accuracy, or relia-
bility, of the conmtrol and of the complexiiy of the experimental lsbo-
retory techniques required, The accuracy of each control method may be
Judged from comparison of the average and the maximum deviations of the
carbon-deposition date from the predicted correletion curve. BHuffi-
clently complete chemical analyses were available only for the fuels in
the J33 combustor at the RACA laboratory to compare all qusaslity control
methods with a single set of data, Also, these dats indicated a repro-
ducibllity at least comparable to that obtained by any of the other lebo-
ratorises. For these reasons the comparison 1s restricted to this parti-
cular investigstion:

Number Average Maximum
of fuels | deviation | deviation
included | (percent) | (percent)

Fuel composition and volatllity
Aromatic content-A.S.T M., 80-percent

distillation temperature 20 40 177
Hydrogen-carbon ratioc and volumetric
average bolling temperature 20 16 85

Related fuel propsrties

Grevity and volumetric averasge boiling
temperature 20 23 118

Gravity 20 24 140

Hydrogen-carbon ratic (estimated from
gravity, volumetric average bolling
temperature, aniline point) and volu-

metric average boiling tempersaeture 14 33 150

Aniline-grevity constant 14 36 200
Empirical laboratory tests

Smoking tendency 16 186 65
Smoking tendency and volumetrlc average

boiling temperature 186 a2l 65
Pot burner 4 123 400
Flame plate : 4 83 117
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These devietlions must be considered qualitetive only, since varia-
tions 1nm the falring of correlation curves through data at very low
values of carbon deposition sbnormally affect the determined deviation.

The compsarison presented -indicates that a number of quality control
methods will predict carbon-deposition characteristics of fuels in the
J33 single combusitor with an average devlstion of less than 25 percent,
a limit which msy, on the basis of data reproducibility, be comsidered
satisfactory. These quality control methods include: hydrogen-carbon
ratio and volumetric average bolling temperature; gravity and volumetric
average bolling temperature; gravity; smoking tendency; and smoking ten-
dency and volumetric average bolling temperaturs.

Meximum deviations are also of interest since they reflect the
possibility of unsatisfactory fuels being acceptable within specifiled
control limits, and converssly, of rejectlion of otherwise satisfactory
fuels. For the control methods resulting in less than 25-percent
(average) deviation, the corresponding meximm deviations varied from
65 to 140 percent. These large deviations mey result from (1) the use
of poor analytical or carbon-deposition data, (2) relatively minor
devistions occurring at very low (and therefore unimportant) values of
predicted carbon deposition, or (3) the omission of some fuel Pactor or
factors from the correlation. With respect to item (3), above, some
consideration has been given to the effect of two fuel factors, gum and
sulfur content, on carbon deposition. Various published and unpublished
results of investigations (for example, references 1l to 14) of these
two factors disagree considersbly; however, for fuels within the pre-
sent turbojet-engine fuel specifications, any effect appears to be a
very minor ons.

The lowest average deviations (approximstely 16 percent) were
obtained wlth the correlation of hydrogen-carbon ratio and volumetric
average bolling tempersture, and the correlation of smoking tendency.
The first control method might be considered superior in that the carbon-
forming propensity of the fuel 1is relatsd to the more fundamental
characteristics of the fuel. As poted previously, however, the deter-
mination of hydrogen-carbon ratio is difficult and time consuming, as a
routine laboratory control test. Soms simpler alternstive methods for
determining this factor are discussed in appendix A. It was shown that
the use of some of these slternstive methods (correlations of wvarious
fuel properties) results in substantially increased deviations.

A very satisfactory correlation was indicated for the smoking tend-

ency of a fuel, a very simple leboratory tenchnique being required. The
application of this method has not been investigated extensively, and
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the accuracy of reproducing results among different laboratories has

not been determined.

There are possibillties, however, that the problem

of reproduclbllity among lsboratories could be minimized through the
use of a simple rating scale employing two reference fuels (appendix A).

The simplest of control methods consldered include gravity and the
aniline-gravity constant, both of which are presently required in fuel

specifications,

One obJection to the use of gravity as a control

method is the increasing effect of gravity on carbon deposition as the
Also, with both the gravity
and the anilline-gravity constant correlations, excessive maximm devi-

gravity (CAPI) of the fuel is decreased.

atlons were observed.

The preceding comparisons included fuels which may not be con-
sldered for Jet-engine use because of other specification limits or

avallabllity requirements.

A more realistic indication of the accuracy

to be expected with the correlation parameters may be obtained by con-
sidering only thoee fuels having volatility characteristics meeting

the MIL-F-5624A speclificatiouns.

Table III compares the Reld vapor

pressure and A.S.T.M. distillation temperatures of the fuels of

table I(a) with the MIT.-F~5624A specifications.

It 1s noted that

14 fuels meet elther the grade JP-3 or the JP-4 volatllity require-~

ments.
tions were determlined:

For these fuels only, the following everage and meximm devia-

Number |Average |Maximum
of fuels |deviation|deviation
included |(percent) | (percent)
Fuel composltion and volatlllity
Aromatic content-A.S.T.M. 80-percent
distillation temperature 14 29 177
Hydrogen-carbon ratio and volumetric
average bolillng temperature 14 12 85
Related fuel properties
Gravity and volumetric average boiling
temperature 14 20 18
Gravity 14 15 25
Hydrogen-carbon ratio (estimated from
gravity, volumetric average bolling
temperature, aniline point) and volu- .
metric average boiling temperature 10 30 150
Aniline-gravity constant 10 36 200
Enpirical lsboratory tests
Smoking tendency 10 18 65
Smoking tendency and volumetrlc average
bolling temperature 10 17 50
Pot burner 2 22 24
Flame plate 2 30 39

(45 (4
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It 1s noted that in most cases, the average deviations were reduced
somewhat; the maximm devietions in some cases were reduced substan-
tially. The lowest average deviations were obtalned with the correls-
tilon of hydrogen-carbon ratlo and volumetric average bolling

tempersture.

Slightly greater deviations were obtained with correla-

tlons of gravity, smoking tendency, and smoking tendency-volumetric

gverage bolling temperature.

For MIL-F-5624A grade JP-4 fuels only, the following average and

meximm deviations were obtained:

Kumber

Average |Maximum
of fuels|deviatlion|deviation
included | (percent) | (percent)

Fuel compoeition and volatility

Aromstic content-A.S.T.M. 80-percent

distillation temperature 5 62 177
Hydrogen-carbon ratio and volumetric

average boiling temperature 5 12 21

Related fuel properties /

Gravity and volumetric average

boiling temperature 5 9 16
Gravity 5 11 1s
Hydrogen-carbon ratio (estimated from

grevity, volumetric average bolling

temperature, aniline point) and volu-

metrie average boiling temperature 4 19 35
Aniline-gravity constant 4 10 26

Empirical laboratory tests

Smoking tendency 2 1 3
Smoking tendency and volumetric

average bolling tempersture 2 7 8

Unfortunately, the data available on JP-4 type fuels were so

limited that no conclusions are Justified.

The information in the pre-

ceding taeble may indicate that as the ranges of fuel properties are
reduced, improved correlations of some fuel properties with carbon

deposition may be expected.
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Application of Fuel Quelity Control Methods

One assumption that must be made in considering the spplication of
the fuel quality control methods is that fuels will rate similerly in
single tube and in full-scale engines with respect to carbon deposition.
Only very limited quentitative carbon-deposition dats are avallable
from full-scale turbojet-engine tests (references 7 and 15). Data com-
paring the carbon-deposition cherscberistics of satisfactory, marginal,
and unsstisfactory fuels in both single combustors and full-scale
engines are necessary in order to estsblish limiting values of any
chosen fuel quallty control method. The full-scale englnes tested must,
in addition, represent engines whose operstions are most critically
affected by carbon deposition.

At the present time the limited data available (reference 7) indi-
cate that a fuel of minimm quelity for satisfactory full-scale (J35)
engine operation must have am NACA X ~factor (function of hydrogen-
carbon ratic and volumetric average boiling temperature) of not more
than 310. Additional data (appendix B) obtained from full-scale
squadron operstion indicate a somewhat higher maximm value of 325. A
conversion of this quallity control 1imit to another control limit can
be accomplished by direct comparison with the guentity of carbon
deposited in the J33 single combustor. Thus, for smoking tendency the
limiting value of 320/h would be 13.0 or 16.5. Similar conversions can
be made for gravity, aniline-gravity constant, or sny other desired
quality control method.

The carbon-deposition data obtalned in the CRC program show the
extent to which carbon deposition may vary among different combustion
chambers (or circumferentially, in an annular chanber) of a full-scale
engine. In addition, large varlations in carbon deposition would be
expected to be encountered in different flights because of the normal
variations in operating conditione. It is necessary, then, to select
the most conservative limit for fuel quslity control that would be con~
slstent with avallebility of adequate quentities of fuel meeting this
limit.

CONCLUDIRG REMARKS

The problem of providing a quality control method for restricting
the procurement of turbojet engine fuels to those allowing satisfactory
operation, with respect to carbon depesition, has been considered.

Such a control, incorporated in procurement specifications, should
embody the following features:

Zehe
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(1) Prevent procurement of any fuel which may result in unsatis-
factory operation, wlith respect to carbon deposition, in any production
turbo jet enginhe.

(2) Be sufficiently flexible to allow procurement of adequate
supplies of the fuel in an emergency.

(3) Be sufficiently simple and reproducible to be treated as a
routine quality control test.

The fuel cheracteristics and related fuel properties which were
consldered to affect carbon deposition included asromstic content,
hydrogen-carbon ratio, A.S.T.M. distillation tempersastures, gravity, and
aniline point. Empirical leboratory fuel tests which simulated carbon
deposition included smoking tendenecy, flame plate, and pot burrer.

Consldering the accuracy of correlations derived from the above
fuel factors, and the quality control requirements enumerated above, two
control methode were chosen as being satisfactory. These methods were
(1) function of hydrogen-carbon ratioc and volumetric average boiling
temperature, and (2) smoking tendency. The first method more nearly
represents an ideal quallty control funetion; however, it entalls con-
siderable difficulty in the determination of the hydrogen-carbon ratlo.
Alternative methods, some reletively untried, are suggested for obtain-
ing this determination. At the present time the most suitable method
appears to be the A.S.T.M. Lamp method (D1018-49T). The second quality
control method combined accuracy and simplicity; however, some doubt
exists at the present time regarding the reproducibility of the test
method among different lsboratorles. Based on limited data, the numeri-
cal limits of these control methods which would allow satisfactory oper-
ation of most current turbojet engines were estsblished at an NACA X
factor of 310, or a smoking tendency of 13.0.

lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio
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APPENDIX A
FUEL QUALITY CONTROL TESTS
Introduction

The following is & brief dlscussion of the various test methods
considered in the foregolng report and includes the reproducibilities
which mey be expected and the skillls, apparatus, and times required for
their execution. Three categories of test methods are Included:

(a) the conventional hydrocarbon fuel snalyses, (b) factors, or
related fuel properties, which can be derived from these analyses, and
(c) special empirical leboratory tests which have been developed pri-
marily for evaluating the carbon-deposition tendencies of turbojet fuels.

a2¥e

Fuel Anselyses

Distilletion, .gravity, aniline polnt. - The tests for distillationm,
gravity, and enlline poimt are well established A.S.T.M. procedures and
require only average laboratory skills and modest amounts of equipment
and time., All can easlly be run in any petroleum testing leboratory.
The A.S.T.M. distilletion (reference 16) requires about 1 hour for setup
and executlion and several tests can be run similtaneocusly by a skilled
operstor. Gravity (reference 17) can be determined in a few minutes,
end aniline point (referemce 18) in about 1/2 hour after the preliminary
distillation of anlline (required daily) which takes sbout one hour.

The A.S.T.M. required reproducibilities for these tests are (1) between
5° and 10° F for the 50-percent distillation temperature for JP-3 and
JP-4 type fuels, (2) 0.5° API for gravity, and (3) 0.72° F for aniline
point. The reproduclbilities referred to herein are the maximum differ-
ences allowed among the results of different operstors using different

apperatus.

Hydrogen-carbon ratio. - The hydrogen-carbon ratio can be deter-
mined by the Lisbig combustion train, by the A.S.T.M. lLamp method, or by
bete or gemms ray absorption. A large number of combustion-trein methods
can be found in the literature using micro, semimicro, or macro scale
setups and the equipment costs vary considersbly. The macro scale traln
at the NACA laboratory requires about 4 hours per determination and oue
operator can easily run two trains simultaneously. The mlcro and semi-
micro trains require 1 to 2 hours per determination but it is question-
able whether more than one twailn could be operated effectively by most
leboratory personnel. The reproducibility to be expected from Liebig
train hydrogen-carbon anelyses appears to vary with the operator.

Results at the NACA inverisbly check within 0,001l hydrogen-carbon ratio

units but perheps & reproducibility of better tham 0.002 units should -
not be expected emong laboratories. The A.S.T.M. Lamp method (refer-

ence 19) uses & fairly simple burner and sbsorber setup and requires




232%¢e

NACA RM E52Bl4 TR 15

sbout 4 hours per determination, although & multiple unit could easlly
be hendled by a skilled operator. The A.S.T.M. required reproducibility
is 0.06 percent hydrogen, equivalent to about 0.001 hydrogen-carbon
retlio units. The beta and gemma ray absorption methods are & recent
development of the FEnglneering Research Department of the Standard Oil
Company (Indians) and little informstion concerning the equipment cost
or the type of persomnel required for 1ts operation 1s evailable. The
time required per determination is probably less than 1/2 hour end the
probable error for the beta ray method 1s 0.035 percent hydrogen or
0.0005 units of hydrogen~cerbon ratio.

Total arometics. - Total aromatics are currently being determined
under the MIL-F-5624A (JP-3 and JP-4) procurement specifications by the
A.S.T.M. sulfonation and bromine mumber méthod (reference 20). The
accuracy of this test method is questionsble, since some Jet fuels may
have bromine numbers exceeding the value permitted by the scope of the
A.5.T.M, method. The A.8.T.M. is studying Improved methods for this
analysis and the Californla Research Corporation's fluorescent Indicator
method (unpublished) appears most attractive at present. This method
has very modest equipment requirements and tekes sbout 4 hours per
determination, although one operator can run six or more tests simul-
tansously. Reproduclibility of 1 percent 1s expected.

High-bolling aromatics. - The determination of aromatics boiling
above 400° F requires a distillation prior to anslysis of the plus 400° F
fraction. This distlllation requires from 1 to 8 hours depending on the
desired sharpness of separation; the subsequent aromatic analysis
requires from 4 to 12 hours using different procedures. The procedure
for the determination of the plus 400° F aromatics has not been stand-
erdized and no estimate cen be made at present as to the time require-
ments or reproducibllity of this determination,

Naphthalenes. - The naphthalenes, as a speclal class of sromatics,
have been determined polarographically (reference 21), by ultraviolet
absorption (referemce 22), or from refractivity intercept (reference 23).
The first two methods requlre egquipment which probably is not availseble
in many testing laborstories and would teke 1 to 2 hours per determina-
tion after the Instruments have been calibrated. Refractivity intercept
is a function of refractive index and sgpecific gravity and probably
could be determined i1n most testing laboratories in about 1 hour. All
three methods should be reproducible to about 25 percent of the amount
of nephthelenes present.

Related Fuel Properties

NACA KX factor. - The NACA KX factor (reference 5) is given by
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C - 0.207
K = {t + 600) (0.7) =6 355

where
% the volumetric average boiling point in ©F
H/C the hydrogen to carbon weight ratio

The reproducibility of the K factor 1s dependent upon the reproducibillity
of both varisbles. TFor & typlcal borderline quality fuel (t = 330,

H/C = 0.155, and K = 325), and meximm deviations of #5° F in t. and
#0,002 in E/C, & maximum deviation of 8.0 K units and a probeble devia-
tion of 6.5 K units is obtalned. Actual deviatlons among 4 laboratories,
for 4 different fuels (omitting ome result obviously in error) are &s
follows (unpublished data):

Average Maximum
deviation deviation
t, OF 3.2 8.0
B/C 0.0014 0.0035
K 5.7 14.0

Aniline-gravity constant. - The aniline-gravity constant is the
product of the aniline point in ©F and the APT gravity. For a border-
line fuel (eniline point, 100° F; API gravity, 45; aniline-gravity con-
stant, 4500) and the A,.S.T.M. specified reproducibilities (noted above),
a maximum expected deviastlion in aniline-grevity constant of 82, and a
probable deviatlon of 59 1s cbtained.

Estimated hydrogen-carbon retio. - Several correletions have been
proposed for estimating the hydrogen-carbon ratio from other fuel prop-
erties. Wetson (reference 8) and Linden (reference 9) have presented
correlations for the estimation of hydrogen-carbon ratlc from distilla-
tion and gravity. A comparison of these correlatlons for 76 fuels is
presented in flgure 13. The somewhat grester accuracy obtained with the
Watson correlation (fig. 13(a)) can be further improved for Jet type
fuels by adding 0.004 units to the calculated hydrogen-carbon ratio.
The correlatlon of carbon-deposition data with gravity and volumetrilc
average bolling temperatures presented in figure 5 was obtained from
this corrected correlation. Thus, the curves of constant gravity were
determined as follows: assuming that the fuels contain only carbon and
hydrogen, and that the mean average bolling temperature of a fuel is
approximately equal to the volumetric average bolling temperature, the
hydrogen-carbon ratio was calculated from the Watson correlation equa-
tion (reference 8)

22%¢
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Percent H = 14.2 + (0.173 X ©API) - TWan aziigge 5., OR)

corrected by the addition of 0.004 hydrogen-carbon unlits. The hydrogen-
carbon watios obtained for wvarlous grevities and volumetric average
boiling temperatures were then substituted in the K equation of refer-

ence 5.

Linden (reference 9) has also presented & correletion for the
estimation of hydrogen-carbon retio from distillation, gravity, and
enilins point. The deviations of the calculated hydrogen~carbon ratio
from the experimentally determined ones are shown graphically in fig-
ure 1l4. Becsuse both aniline polnt and hydrogen~carbon date were
unaveilsble for the majority of fuels presented in figure 135, a number
of fuels for which the addltional analytical date are avallable are
includsd.

Considering only hydrogen-carbon retlos between 0.14 and 0.17 (the
probable range for jet-type fuels), the average and maximum deviations
of estimated hydrogen-carbon values from analyzed hydrogen-carbon values
are as follows for each of the three correlation methods discussed:

Deviation among Deviation among
all points between best 90 percent
Method 0.14 - 0.17 H/C of points
Average Maximum | Average Maximm
Distillation and gravity
(Watson) 0.0042 0.030 0.0027 0.011
Distillation and gravity
(TLinden) 0.0057 0.027 0.0044 0.012
Distillation, gravity, and
aniline (Linden) 0.0042 0.011 0.0036 0.008

Smoke and Carbon Tests

Smoking tendency. ~ A simple wick lamp has been used to determinse
the maximum height of & smoke~free flame. Smoking tendency of a fuel is

defined as @, vhere h 1is the maximim flame height in millimeters.

The test has very modest equipment requirements and can easily be com-
pleted in 15 minutes. The only indication of 1ts reproducibility among
leboratories results from & camparison of flaeme heights obtained by
Phillips Petroleum Company and by NACA on four Coordinating Resesrch
Councll fuels,
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These results are listed below: .

Flame height (mm)
Fuel Phillips NACA
Petroleun
Company
. . o
RAF 26-50 2l 24 s
RAF 27-50 62 67 N
RAF 28-50 30 27
RAF 29-50 . 51 57

Some lncrease in reproducibility might be obtained by calibrating the
lamp on binary fuel blends and reporting smoking tendencies as smoke
lamp numbers similer to the use of lsooctane and n-heptane in octane
number determinetioms. Thils procedure Would tend to minimize the effect
of apparstus and operating variables. Preliminery investigations have
been conducted at the NACA laboretory using mixed xylenes and n-decane
as the rsting palr, The resulting blending curve of fleme height versus
composition 1s shown in figure 15. Also shown in this figure are the
flame heights at the smoking point for eilght of the fuels listed in
Table I(a). The curve shows, for example, that fuel A with & flame
height of 26.2 millimeters has & xylene rating of 28, and presumebly
this rating could be closely reproduced in other laboratories by .
bracketing the sample with blends of the same reference fuels. Since

the xylene - n-decane palr may not be desirable from an availability

stendpoint, other hydrocarbons may be chosen asg the reference fuels.

Flame plate. - In the flame-plate test, fuel is delivered dropwise
to the surface of & tared stalnless steel plate maintained at a con-
stant elevated temperature (reference 3). The vaporized fuel is igni-
ted by a Bunsen burner pllot and, after a specifled amount of fuel is
burned, the plate ls reweighed to determine the amount of deposits,

The test requires epproximately hours. From 5 to 4796 milligrams of
deposlt have been obteined in burning 400-miliiliter samples of widely
varying types of fuels (reference 10). Flame plate dasta are too limited
to obtain a conclusive estimate of the reproducibility.

Pot burners. - In the 5-inch pot burner test {(unpublished informa-
tion from the Texas Company) pounds per hour of fuel are burned with
37 pounds per hour of 125° F alr for 6 hours and the resulting carbon
deposits are screped from the burnmer and welghed.

Four wldely differing fuels yielded from 0.3 to 3.5 grams of carbon
in this test with preclsions of the order of £20 percent (unpublished
Texas Company deta). No estimate cen be made concerning the probable -
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reproducibility for various units in varlious laboratories. Apart from
the lack of general availabllity of this unit in most laboratories and
the uncertein reproducibility of the method, this test appesrs to require
too much time, fusl, and air to be readily acceptable as a control
laboratory test.

SUMMARY

Considering the apparatus requirements, ease, and times for execu-
tion, degrees of standardization end reproducibilities, the laboratory
tests considered herein cen be divided lnto the following four groups,
in order of decreasing desirsbillity:

1., Distillstion, gravity, and aniline point are &ll A.S.T.M. stand-
ardized techniques which could easily be run with the equipment aud per-
somnel aveilaeble in any petroleum testing laboratory. The expected
reproducibilities are well established for all these tests.

2. Lemp hydrogen is also an A.S.T.M. procedure but is not as com-
monly used as are the tests listed in group 1. Its performance, however,
should present no mejor problem to most testing laboratories.

3. The percent aromatics (by California Research Corp, Fluorescent
Indicator method) and the smoke lamp tests are both simple procedures
and well sulted for laboratory control purposes. However, nelther
method has been standardized in the A.S.T.M, manner and st present they
may not be acceptable for fuel procurement purposes for this reason.

4. The gamms and beta ray absorption methods for hydrogen concen-
tration, the combustion train hydrogen-carbon analysis, the percent
aromatics boiling above 400° F, the percent naphthalenes, the flame
plate, and the pot burner msthods are all undesirsble from & control
leboratory standpoint at the present time. Nons have been standardized
regarding equipment and operation and their reéproducibilitlies have not
been established. In many cases the equipment and skills required eppear
to be serious obstacles in their use as leboratory control tests. How-
ever, the beta ray absorption method, in particular, appears quite
promising and may become available as & rapid and accurate method for
the routine dsterminstion of hydrogen-carbon ratio,
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APPENDIX B
SERVICE EXPERIENCE AT PATUXENT RELATED TO
CARBCON DEPOSTTION

By C. C. Singleterry snd H. E. Alquist

INTRODUCTION

In ordsr to summarize Navy ezperience with JP-3 fuel which might
indicate the effect of carbon deposition on actual aircraft cperation, a
study has been made of the operationsl reports from the Naval Air Test
Center, Patuxent River, Marylend, since June 1949, when two types of air-
craft started operation on JP-3.

During the first year of operation on JP-3 at Patuxent an attempt
was mede by the Fuels Branch, Bureau of Aeronautics, to cover a wide
range of fuel quality in order to determine the suitebility of JP-3 far
service opereation. Because of this broad range in fuel quality and
relatively complete reporting of flight experience with the fuels, pri-
mery emphasis is given to the resulis of tests conducted between June
1949 and Msy 1850, This material has been supplemented by a review of
the Patuxent flight results since May 1950 when JP-3 was used as "shop
fuel™ gt Patuxent.

Ietter reports from Patuxent to the Bureeu of Aeronautics and con-
versations with test pllots and power-plant maintenance staff were used
as source material for this report. Although this constitutes the best
information avellable on service experience with JP-3, sufficient
information has not yet been obtained to define clearly the effect of
changes in fuel quality on carbon deposition and, in turn, aircraft
reliability and engine maintensnce.

DESCRIPTION OF FUELS

The followlng teble includes the inspection data for each batch of
JP-3 used at Patuxent between June 1949 and May 1550. Since a fuel
enalysis was made morthly by the Naval Engineering and Experiment Sta-
tion of each of the storage tanks of Jr-3, each inspection value shown
in this taeble 1s an average of at least three reports, Included in the
table are the NACA K factors (reference 5) obtained by calculating
hydrogen~cerbon retios by & modified Wetson procedure described in
appendix A. The H/C ratios and NACA K factors were also determined
for each inspection report and then averaged for this table.

22ve
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Minimum quality Procursement Maximum

No. 1 No. 2 stock quality
Air-jet gum 8.3 11.1 5.2 1.5
Accelerated gum 21.6 42.3 8.0 2.1
Sulfur, percent 0.333 0.491 0.112 0.027
Vapor pressure, 1b/sq in. 5.4 5.2 6.1 4.8
Specific grevity 0.793 0.800 0.768 0.741
Aromatics, percent 26.0 29.0 15.3 9.0
Bromine number 6.0 5.0 2.0 2.0

Distillation temp., °F

Initisl boiling point 106 105 110 118
10 148 148 172 177
30 262 291 235 213
50 350 372 296 246

70 424 431 401 309
90 490 500 490 433
End bolling point 555 557 561 495
Hydrogen~carbon ratio 0.1507 0.1491 0.1821 0.1708
NACA K factor 340.6 350.0 297.0 250.0

It will be noted that the JP-3 fuels have been ssparated into
three groups, roughly according to quality. The JP-3 designated Procure-
ment Stock was included in the flight test program as being intermediate
In quality and typicel of the JP-3 fuels normally obtalned on the east
coast. Batch number 1 of minimum quality is Alr Force Fusl FFF-47-4.

It is interesting to note that the designation mimimum end maximum are
appropriate in view of the corresponding NACA X <factors. In additlon
it appears that an extremely broad range of JP-3 fuel quality was
covered.

The following table includes abbreviated inspectlon data for the
batches of JP-3 used as shop fuel at Patuxent since May 1950. As in the
case of the preceding table, NACA K <factors were obtained by calcul-
ating hydrogen-carbon ratios by the procedurse described in asppendix A
(modified Watson procedure). After September 1950, consumption of JP-3
had risen to the point where comsidersble variation in fuel quality
occurred from month to month. The period September through February
was chosen as particularly sultable for supplementary review of £light
experience in view of the quantity of JP-3 consumed (about 620,000 gal)
and the variation in fuel quality occurring. It will be noted, however,
that no fuel used during this time would asppear to be as poor as the
minimum-quality stock tested earlier.
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Date [17/6/50 |8/10/50 |8/8/50 [10/5 /50 [11/3/50 [12/5/50 1/3/51 |5/2/51 |4 /4/51

Gravity | 0.742| 0.744| 0.745} 0.756| 0.760| 0.758| 0.784} 0.748} 0.778
Distil-
lation

temp., OF

10 148 150| 150 161 160 160| 168| 140| 183

30 173 179| 181 198 204 216| 231] 313 262

50 208 215| 219|. 237 264 269| 299] 361] 320

70 278 290| 293 299 355 363| 425| 391 384

90 453 459| 460 464 450 449] 481 437 457

B/C 10.1644] 0,1644[0.1643 | 0,1602| 0.1610 | 0.1631]0.1540/0.1758)0.1583

K factor | 268.5| 268.5[ 272.0| 289.0| 291.5| 285.8| 325.8| 244.0} 312.0

JP-3.

fouled sperk plugs.
flow and increesing the slze of the drain holes in the plugs.

The dates listed in this table are the dates upon which a fuel sam~
ple was drawn from the storage tenks at Patuxent.

SERVICE EXPERIENCE

(June 1949 to M=y 1950)

Engine A

Flight experience was obtained on Engine A with both batches of
the minimum-quality fuel, procurement stock, and the meximum-quality

When the minimm-quelity batch number 1 JP-3 was first used, it was
impossible to start the engine after six hour's operation because of

efter no starting difficulties were reported.
24,000 gallons of this fuel, Patuxent reported "considersble" carbon
deposition on the combustion-chamber Liners,’
its were not consistent in either location or severlty of build-up, and
they seemed to be more severe during the 15.3 flight hours which were
devoted to alr-start experimentation.™
uging thie batch the alrcraft left a distinet trail of black smoke in

flight.

point."”

the same aircraft.

This was considered to be

The foulilng was eliminated by modifying the aix

There-
After comnsuming about

Specifically, "the depos-

It was also reported that in

"undesirgble from & tactical view-

About 24,000 gallons of meximum-quaelity JP-3 was tested next in

. "The amount of carbon deposition in the combustion

section was not consldered to be objectionasble. Carbon deposits were

found on the seocond inner section of the outer burner and were of an
average depth of ons-quarter inch."

2292
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Tests subsequently conducted on batch number Z of the minimum-
quality fuel revealed "that carbon deposition was of such severity,
regardless of the type of operation, that burning continued after englne
shut down. This 1s believed to have resulted from the saturation of the
carbon deposits. with fuel." Cracking of the combustor chamber liners
was found and was attributed, to some degree, to the use of JP-3 since
no reports of similar failures had been received from operating squad-
rons using AN-F-48 fuel.

The tests conducted on procurement stock showed it to be "more
satisfactory for use" than either batch I or 2 of the minimum-quality
JP-3. "The carbon deposits were not as severe as those encountered
with the minimum-quality fuel but residusl burning (burning after engine
shut down) will be experienced with this fuel"” on this type engine.
Another indication of the sultability of the maximum-quality and
procurement stock JP-3 is that Patuxent recommended operationsal use of
these fuels in this type aircraft.

Engine B

In 130 hours of operation on an airplane using Engine B with about
40,000 gellons of minimm-quality JP-3 (batch 1), no difference in air-
craft performence was noticed between AN-F-48 and AN-F-58. However, as
was the case when Engine A im other type alrcraft used this fuel, a
"digtinet trail of black smoke was left in flight." "During the 120-
hour engine check, excessive carbon deposits were found on several fuel
nozzles, and the mejority of combustion llners were buckled sufficlently
to require replacement. This engine had been operated for 41.5 hours on
AN-F-48 and 81.6 hours on AN-F-58 fuel." In a subsequent report to the
Bureau of Aeronautiecs, it was stated that cracking and distortion of the
combustion liners of Engine B were not belleved to be caused by this
fuel because of the numerous reports from squadrons using this engine of
liner failures which occurred while AN-F-48 was used.

After 56.5 hour's operatlion on the meximum-quality fuel, it was
reported that “carbon deposition was negligible.”

Although not verified by a detailed report of number of engine
hours on procurement stock JP-3, it appears that Engine B was operated
long enough on this fuel that Patuxent recommended operstional use of
this fuel in thils type aircraft. The same recommendation was made for

the meximum-quality fuel.

Engine C

"No adverse effect on the combustion chember liners, nozzle dia-
phragms, and turbine wheels" has been noted in operation of aircraft
with Engine C with procurement stock JP-3. ’ ’
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Engine D

"Carbon deposits have not been objectionable" when procurement
stock JP-3 was used in the aircraft powered by Engine D. "“Occasional
burning after engine shutdown has been experienced.”

SERVICE EXPERIENCE
(May 1950 to Present)

It will be recalled from the preceding teble that the JP-3 "shop
fuels" at Patuxent since May 1950 all had lower NACA X factors than
either batch of minimm-quality JP-3. If the degree of carbon deposi-
tion in service tests correlated wilth KX factor in the same menner
that carbon deposlts increase with inereasing K in lsboratory tests,
no reports of severe carbon depositing difficulties would be expected
with these fuels. However, residual burning might have been antici-
pated with the Engine A especially during Jenusry 1951.

The total Jjet engine operating time at Patuxent, September 1950
through February 1951, are shown in the following table:

Engine Operating time, hours

Sept.| Oct. | Nov. | Dec.| Jan. | Feb. | Total

A 15 25 38 20 22 31 151
B 45 125 |} 102 | 100 | 137 93 602
c 30 48 44 33 60 45 260
D 80 121 | 118 88 | 222 | 134 768

Totals | 180 319 | 302 | 236 | 441 | 303 1781

T -

Although records were not aveilable to the authors to show exactly what
fuel was used for each hour of operation, it sppears that almost all of
this time was put on JP-3. (According to the average fuel consumption
figures for these ailrcraft, a total of about 620,000 gallons of JP-3
would be consumed in the 1781 hours of operation. 676,300 gallons of
JP-3 were shipped into Patuxent during this period.) Although the
operating time appears quite large in this table, the average time
accumulated on any one aircraft is short. For example, the maximum
time accumilated by one alrplane in a month was 90 hours; whereas, the
gverage operating time per month was only 10 hours for all aircraft.

22ve .
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A review of the maintenance records on the jet engines used at
Patuxent from September through February was made and no evidence wes
found of excess combustion-chamber cracking, fouled spark plugs or fuel
nozzles. In discussion with test pilots at Patuxent no operatiomsl
difficulties were reported with JP-3 during this perlod. It might be
noted that the very short operating time accumulated on any one air-
craft may be a contributing factor to the gbsence of flight interruption
reports. With regard to residual burning, it was reported that "when
using JP-3 fuel residual burning ls mors extensive than when using
Grade 115/145 gasoline; however, residusl burning is not considered to
be the service problem that it was a year or so ago. The pilots have
generally come to ignore this phenomenon.”

DISCUSSION COF RESULTS

The range of JP-3 quallty consilidered in this report is illustrated
in figure 16. Essentially this figure is a plot of carbon deposits in
grams versus the NACA K factor for a series of fuels tested by the
NACA in a J33 combustor at & particular set of conditions. The K
factor of the various JP-3 fuels used at Patuxent in the past two years
has been marked; the shaded area represents the range of quality covered
by the shop fuels.

It 18 interesting to note that the comments obtained from the
pilots on the sultabllity of the JP-3 fuels tested between June 1949 and
May 1950 reflect K factor and correlate fairly well with the carbon
deposition predicted from leboratory tests. The following table shows
this correletion.

Fuel Carbon in J33
number NACA K Factor (grems) Service Comment
1 250.0 2.3 "not obJjectionable”
to "negligible"
2 297.0 5.6 "some residual burning"”

to "more satisfactory”

. than fuel number 4

3 340.6 11.7 "conslderable carbon bub
more severe during air-
start work"

4 350.0 14.0 "carbon of such severity
at all conditions that
residuel burning occurs;
fuel unsatisfactory”
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The differences in carbon-deposition tendencies shown in this table
between various batches of JP-3 were obtained on eerly models of
Engines A and B. Engine A was designed and developed on sviation gas-
soline; likewige, Engine B was developed on kerosene. It is possible
that if these engines were developed on MIL-F-5161 (JP-3 referee)
differences in the carbon-deposition tendencies would not be so appar-
ent.

It will be recalled that the purpose of the review was to determins
whether a service carbon-deposition problem existed and, if & problem
existed, whether it could be related to fuel quality. Aside from the
fuels used gt Patuxent the quality of the Service JP-3 fuels has been
considerably ebove that of the so-called minimum~quality fuels. The
fact that no reports of carbon-deposition troubles have been received
from service units 1s therefore not significant. It is clearly evident
from the early Patuxemt tests that a much larger volume of carbon is
formed in all engines when the minimm-quality fuel 1s used. The extent
and life of these deposits end thelr speclfic effects on engine opera-
%ion or durabllity are more difficult to assess.

In the Patuxent tests, there were several indications of possible
service troubles due to excess carbon deposits., Combustor liner buck-
ling experienced on Engines A and B was attributed to the carbon depos-~
iting tendencies of JP-3; however, the velidity of this conclusion for
Engine B has since been clouded as the result of similar difficulties in
squadrons using aviation gasoline exclusively. Spark plug foullng was
reported on Engine A but was slleviated by modifying the air flow around
the plug. Residual burning after shut down was reported on Engine A
and waes attributed to a combination of dripping fuel nozzles and carbon
deposits. More recent service reports indicate that this trouble is
experienced with all JP-3 fuels to some extent and that at present many
pilots are ignoring it since the fire usually goes out within 10 or
15 seconds. Whether a few recent reports of Engine A combustion chamber
warping and cracking when JP-3 is used are related to residual burning
hes not been established. Other possible sources of service troubles
include nozzle deposits, smoke trails, and the difficulties encountered
1n Inspecting critical engine parts in the presence of heavy carbon
deposits.

In summary, there are Indications of several types of carbon-deposi-
tion difficulties with minimum-quality fuel but the problems have not
yot been clearly defined by service experience. It appears that further
tests on minimm-quality fuel are needed and, in wiew of the wide
variebility in the occurrence and nature of carbon deposits, it is
recommended that the tests include operation of a group of aircraft over
a pericd of several months.
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TABLE IT - FUEL ANALYSES AND CARBON-DEPOSITION RESULTS

(a) J31 combustor (reference 13)

~REA

Hydrogen-~| Carbon

Fuell A.S.T.M. distillation{Volu- Gravity |Smoking
(°F) metric | (°API) |tendency|carbon depo-~
percentage evaporated |average 320/h |ratio sition
goi_'l.in,g (grams)
emper-
10 50 90 ature
.1 CF)
A 334 352 393 360 45.4 12.3 0.153 2.6
B 212 228 264 235 55.6 ———— 2131 4.0
[o] 224 284 348 285 45.3 20.0 .142 15.0
D 275 276 279 277 33.5 40.0 .116 6.1
E 422 482 —_— 482 10.8 — .097 4.3
F 156 256 371 261 55.9 7.3 <160 0.0
a 456 522 572 517 34.0 26.7 .148 8.4
H 326 345 375 349 41.1 10.3 2121 7.3
I 178 175 175 175 28.9 26.7 .083 3.3
J 145 200 245 197 67.2 6.4 _——— 0.0
K 141 20¢ 247 199 —— 5.1 —_—— 2.0
L 336 350 360 349 —— 5.8 —— «5
(b) J33 combustor (reference 24}
Fuel|A.S.T.M. distlilation]|volu- Gravity] Aniline | Aniline-{Smoking | Carbon
°F metrie |(PAPI) |point |[gravity [tendency|depo-
percentage evaporated|average (oF) sonstant|320/h sition
boiling (grams)
10 50 g0 | Semper
(°F)
A 360 384 420 388 38.0 120 4,560 12.8 10.4
B 224 284 348 285 45,3 51 2,310 16.8 13.1
c 236 294 353 294 44.5 sl 2,270 12.8 11.2
D 146 302 4886 311 50.0 123 6,150 4.7 4.6
E 159 207 237 201 67.4 146 9,840 5.6 5.0
F 423 522 826 524 42.7 180 7,680 5.6 8.2
¢4 186 380 487 351 45.4 127 5,770 5.6 6.7
H 200 224 264 229 57.5 g6 5,520 9.4 39.9
I 274 275 277 275 33.5 -57 -1,910 35.6 23.3
J 158 260 370 263 55.9 121 6,760 3.5 3.3
K 341 355 364 353 55.3 183 10,120 5.3 0.9
L 152 290 481 308 51.0 118 6,020 5.2 4,3
M 177 310 455 314 46.5 83 3,860 5.7 9.4
N 190 318 480 329 46.3 g6 4,450 5.9 8.1
o] 168 310 465 314 47.7 82 3,910 8.2 8.9
P 334 352 393 360 4£5.4 120 5,450 12.3 9.6
Q 351 375 411 379 36.4 94 3,420 17.8 14.0
R 145 200 245 197 67.2 145 9,740 6.0 1.0
S 175 178 181 177 28.9 ——— | m—e—- 24.6 10.0
T 152 | 333 485 323 46.1 —— —— —~———— 13.1
(c) J31 combustor (reference 12)
Puel] A.S.T.M. distillation|Volu- Gravity|Aniline [Aniline- |Hydrogen-|Carbon
‘(°F) metric (°APT) point grav%tyt cazion depo-
average ] constant [ratlio sitlion
percentage recovered bolling (°F) (grams )
10| 30| 50| 70| 90 |bemper-
ature
{°F)
A 430470 {492 {510 {528 486 47.0 181 8510 0,174 1.33
B 152}398 [424 [44.8 (482 381 52.4 150 7860 +175 .20
c 406 | 424 (442|451 (468 438 30.7 103 3160 .117 23.65
D 183189 (284 |420 [468 309 37.2 64 2380 113 1.85
E 370|381 |417 {451 [494 424 35.4 —— ————— ——— 2,13

31
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TABLE II - FUEL ANALYSES AND CARBON-DEPOSITION RESULTS ~ Continued
(d) J31 combustor (reference 6) §:J§§§;57
Fuel [A.S.T.M. distillation| Volu- |Gravity|Aaniline|Aniiine- |Hydrogen- |Carbon
(°F) metric [(CaAPI) po%nt gravity |[carbon depo~
percentage recgvered average ( F) Constarlt ratio sltion
- i s boiling (grams)
164{ 30| 50| 70| 90 | temper-~
ature
(°F)
A 1771250{310{370 {455 312 49.7 115.2 5,720 0,152 95
B 1881[249 |286 | 320 {360 281 48.5 78.3 3,800 .149 61
c 221|268 |293 356 |486 327 50.8 127 .4 6,470 .162 57
D 164.)255}337)401 {460 323 46.5 79.9 3,710 .145 170
E 348|362 370382 400 372 38,7 118.1 4,810 .163 47
F 3261342351364 {382 353 46.9 128.6 6,080 .160 53
G 1841210 |220(236 1283 229 69.0 168.3 11,600 .184 17
H 3451362371 ]384 1409 374 36.7 91,6 3,360 143 220
I 354|366 |376]389 1430 383 38,3 | ~—memm | e .150 50
J 2001253 (3011358 {417 306 53.1 128.0 6,795 «179 66
K 1601268 334 412b476 330 46,6 100.9 1 4,700 2143 193
{e) J33 combustor (reference 12) = e -
T RS T T e Ty
Fuel|l A, S.T.M. distillation|Volu- GravitylAniline|{Aniline~jCarbon
(°F) metric (°API) point gravity |depo-
average Q constant| glition
percentage“#ffovergd boiling (°F) (grams)
10 50 g0 | bemper-
: ature
(°F)
A 389 431 479 433 " | 44,0 153 8730 7.7
B 336 354 386 359 48,1 —— —_——— 6.3
C 274 310 .} 402 X29 51.4 —— ———— 4.4
D 222 289 351 287 45.8 S0 2290 11.7
E 3486 368 ° 408 374 36.2 92 3330 13.0
P 340 4068 | 528 425 29.7 ——— ———— 28.5
G 320 - 388 474 394 37.3 ——— —_——— 19.5
H 336 354 -386 359 48.1 —— ———— 6.3
I 376 414 472 421 28.7 55 1580 25.5
J 377 409 470 419 28,6 S5 1575 23.5
K 148 221 280 216 75.2 78 5720 .3
L 192 271 366 276 53.6 90 4820 5,2
M 214 278 348 280 50.5 101 5100 9.4
N 212 284 354 283. 48,1 T4 3560 7.9
0 372 4Q0 —— 400 30.% 57 1740 16.0
P 140 302. 455 239 58,1 148 8480 2.1
Q 167 308 442 3086 58.1 140 8130 2.6
R 152 370 430 337 47.5 -—— ———— 6.7
T T T U@ saownr T e . 5
R
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TABLE II -~ FUEL ANALYSES AND CARBON-DEPOSITION RESULTS - Continued

“QZEE:::F’

(£) 331 combustor (reference 25)

Fuel [A.S.T.M. distillation|Voiu- Gravity| Aniline|Aniline-|Hydrogen| Carbon
(°F) metric (OAPI) point grav:il;tyt caigon di%i-
average o constantratio 8 on
percentage evaporated boiling ("F) (grams)
temper-
10 50 90 ature
(°F)
A 176 176 177 176 49.7 85 4,220 0.167 0.8
B 208 209 209 208 71.6 178 12,600 .189 0.9
c 175 176 176 175 28.5 0 | =—mee | —m——m 2.3
D 228 229 230 229 31.2 —_—— | m———— .096 3.5
E 214 215 215 214 64.4 109 7,020 .167 3.6
F 255 345 442 347 50.8 140 7,120 .170 5.8
G 317 333 358 336 38.4 16 614 —_—— 7.6
H 310 340 368 339 50.1 135 6,750 | ~—=w~ 8.5
I 412 442 548 467 46.6 178 8,300 .172 10.0
J 350 380 422 384 36.5 135 4,930 .159 11.0
K 302 304 304 303 32.2 —_—— | e———— ————— 13.5
L 436 528 628 530 41.9 173 7,250 .187 14.5
M 390 446 510 448 28.3 ——— | mmmee | e 16.0
N 456 456 458 456 8.0 SR USRI (P 30.86
o] 450 515 608 524 30.8 136 4,190 .154 31.1
(g) 333 combustor (reference 11)
Fuell A.S.T.M. distillation|Volu~ Gravity|Anlline|Anliline-|Carbon
(OF) metric | (%ppy) pognt grav%tyt digg-
average constant|s on
percentage ?vaporated boiiing (°F) (zrams)
temper-
10 50 90 atune
(°F)
A 344 380 424 383 36.9 _— —— 8.7
B 148 346 503 332 46.0 -—— ——— 3.0
C 140 354 510 335 47.1 _— —— 0.4
D 180 339 502 340 45.8 118 5400 4.4
E 193 375 524 364 43.7 114 4980 4.0
F 203 395 533 377 42.1 111 4670 4.8
¢ 200 350 506 352 44,3 108 4780 3.3
H 248 345 484 359 41.5 70 2910 3.2
I 165 333 469 322 46.0 85 3910 3.0
J 150 310 470 310 53.0 - —_—— 2.8
K 158 365 519 347 41.7 — ——— 6.6
L 154 310 527 330 49,6 —_— —_— 4.3
M 150 310 470 310 53.0 —— —— 3.5
N 350 370 402 374 38.4 — ——— 6.5
0 154 307 466 309 50.6 — — 0.4
P 150 310 474 311 52.3 — —_—— 2.4
Q 222 302 369 298 45,0 58 2610 3.0
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TABLE ITI - FUEL ANALYSES AND CARBON-DEPOSITION RESULTS - Concluded
(nh) J42 combustor (reference . 26) ‘:EE§§:77
Fuel| A.S.T.M. distillatlon | Volu-~ Specific| Gravity| Hydrogen | Carbon
(°F) metric gravitg (PAPI) | carbon depo-
percentage evaporated | average| 60°/60°F ratlo sltion
' T 7 | boiling {grams)
temper-
10 50 " § 90 ature
(°F)
A 185 336 480 333 0.79 46.6° 0.16 74,0
B 185 316 452 321 .78 51.0 .16 18.3
c 170 370 431 353 <77 51.3 .16 22.5
D 171 369 . 445 336 .79 48.3 .16 29.8
E 249 381 . 453 366 .79 46.8P .16 50.7
F 253 2128 | 466 264 76 | —ee—- J17 54.1
¢] 156 220 372 245 «75 | —=——- .16 22.7
H 153 212 | 482 273 AT | —m——e .16 84.3
I 442 506 . 585 500 85 | ———e- .15 28.4
J 183 330 557 350 .78 | =m~-- 17 15.7
K 132 483 572 416 ——— ] === .16 21.3
8yalue not consistent with other distillation temperaturés. - =
bValues,not consistent with reported values of speclfilc gravify.
(1) J33 combustor (references 28 and 29)
Fuel| A.S.T.M. dastillation Volu- Speclfic |Gravity | Hydrogen | Carbon
(°F metric |gravity [(CAPI) carbon depo-
percentage evaporated | average |60°/6Q0F ratio siticn
bolling (grams)
10 50 90 temper-
ature
(°F)
A 349 385 457 397 0.811 43.0 0.161 11
B 358 412 471 414 .856 33.8 .140 45
(o] 361 339 446 402 .808 43.6 .180 16
D 446 508 580 511 .835 38.0 .158 26

g St R T
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TABLE ITI - FUBEL VOLATILITY SPECTFICATIONS AND ANALYSES

Fuel A.S.T.M. distillsation |Reld vepor MIT,-F-5624A
(°F) pressure grade
(1v/eq in.)
Percentage evaporated
10 90
Specifi-
cation| --- 400(min) 5-7 JP-3
Specifi-

cation | 250(mex) | --- 2-3 JP-4
A 157 473 5.4 JP-3
B 157 8500 5.1 JP-3
o] 164 501 4.8 JP-3
D 356 405 0 —_——
E 159 468 6.3 JP-3
F 150 242 6.2 ———
G 320 358 0 ——
H 151 502 5.4 JP-3
I 182 515 5.0 JP-3
J 220 513 2.5 Jp-4
K 221 353 5.78 _—
L 323 369 o] ————
M 322 328 0 ————
N 242 398 2.0 Jp-4
0 247 403 2.0 JP-4
P 177 433 6.5 JP-3
Q 230 457 2.0 Jp-4
R 254 432 3.0% Jp-4
8 158 500 4.5 JP-3
T 152 477 6.0 Jp-3

a'E's‘l::Lz:ma:ted values.
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